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space shuttle; respiratory tract; rodents; gene expression; histopathology; fibrosis CONCERN FOR THE HEALTH of crewmembers on space missions has prompted several countries to monitor their vital signs and establish facilities for scientific experiments. Studies on National Aeronautics and Space Administration (NASA) Spacelabs have found that pulmonary function in astronauts is greatly altered by weightlessness, e.g., increased diffusing capacity and reduced residual volume (72) . Other factors inherent to the spacecraft environment, such as inhalation of potentially pathogenic microbes and exposure to radiation (46) , could further compromise the function of this vital organ.
At least two different lung diseases can occur due to an imbalance in extracellular matrix (ECM) homeostasis. Emphysema associated with the adult lung is thought to result from excessive proteolytic destruction of ECM without adequate repair via an imbalance in proteinase-antiproteinase activity (23) . In contrast, pulmonary fibrosis is characterized by progressive interstitial deposition of ECM (35) , possibly the result of a more inhibitory proteolytic microenvironment with decreased matrix removal (17) . Studies have also demonstrated that ionizing irradiation can cause acute inflammation, followed by pulmonary fibrosis (15, 28, 44) . Initiation of late radiation-induced lung damage has been correlated with upregulation of certain adhesion molecules, followed by infiltration of macrophages and bone marrow-derived fibroblasts forming the fibrotic lesions of organizing alveolitis/fibrosis (16) . Increased deposition of abnormal ECM accelerates activation of collagen producing cells. Several proteases and antiproteases also participate in ECM metabolism.
The integrity and metabolism of ECM components are critical in lung development and maintenance of normal function and morphology. Collagen is one of the major components of ECM, accounting for ϳ15% of the dry lung mass, and is under constant remodeling with one-tenth of the total lung collagen being degraded and newly synthesized each day (41) . Stable adhesion during cell-cell and cell-ECM interactions are essential for adequate cell communication, epithelial integrity, and ECM metabolism. Such interactions are mediated through several different families of cell adhesion molecules (CAM), including the integrins, cadherins, selectins, and immunoglobulin superfamily. Therefore, CAMs play an important role in maintaining the normal structure and function of the lung (1) . CAMs also trigger intracellular pathways and participate in cellular processes such as migration, proliferation, differentiation, and cell death. In addition, they have been recognized to play a major role in a variety of pathological phenomena.
Transforming growth factor (TGF)-␤ is the most important cytokine involved in ECM remodeling, leading to development of fibrosis in all parenchymal organs (71) . TGF-␤ causes myofibroblast differentiation, induces expression of connective tissue growth factor (CTGF), and increases the synthesis of ECM components such as collagen and fibronectin (33) . In addition, TGF-␤1 has both positive and negative effects on synthesis of specific matrix metalloproteinases (MMP) (6) .
MMPs are a major group of proteases, including gelatinases MMP-2 and MMP-9 and matrilysin MMP-7, known to play a pivotal role in ECM metabolism and homeostasis of basement membrane (45) . In addition to digesting ECM and basement membrane proteins, these proteases cleave other MMPs, growth factors, growth factor binding proteins, chemokines, cytokines, cell surface receptors, and adhesion molecules, as well as an array of other proteases and protease inhibitors (49, 78) . MMP-2 and MMP-9 have significant activity in the pathogenesis of emphysema (23) and both can be present in fibrotic tissues (11) . MMP-2 may be associated with impaired tissue remodeling leading to pathological collagen deposition and pulmonary fibrosis (77) , whereas MMP-9 has been linked to inflammation-induced tissue remodeling (66, 77) . Several studies have shown that MMP-2 and MMP-9 are induced by ionizing radiation (7, 50, 53) . Similar to MMP-2, MMP-7 displays broad proteolytic activity against a variety of ECM substrates, including collagen, proteoglycans, elastin, laminin, fibronectin, and casein (43, 73, 75) . The study of MMP-7 knockout mice suggests that the enzyme may be involved in aberrant reparative processes in fibrotic lung diseases (79) .
MMPs are inhibited by tissue inhibitor of metalloproteinases (TIMPs), enzymes that are upregulated by TGF-␤1 (59) . Cell death due to severe injury is a triggering event of fibrosis by causing the neighboring cells to release TGF-␤1, CTGF, and tumor necrosis factor-␣ (TNF-␣) (5, 22) . CTGF, an important fibrogenic factor, is a downstream mediator of TGF-␤1 responses (52) . Two mechanisms underlie the synergistic effect of CTGF on TGF-␤1. First, CTGF acts as a chaperone that augments TGF-␤1 signaling. On binding to TGF-␤1, CTGF increases the affinity of TGF-␤1 to its receptor, causing a sustained response (36) . Second, CTGF blocks a TGF-␤1 auto-inhibitory feedback loop, in that it suppresses de novo synthesis of smad-7 via activation of TIEG-1 transcription (56) . In addition, CTGF regulates cellular apoptosis and fibroblast proliferation, angiogenesis, cellular adhesion, chemotaxis, and ECM deposition (52) .
Our previous studies using a mouse model have demonstrated that exposure to proton radiation mimicking a solar explosion (simulated SPE protons) can induce TGF-␤1, MMP-2, and collagen expression in lung tissue (68) . Studies have documented numerous immune aberrations in astronauts, cosmonauts, and research animals following spaceflight (9, 18, 20, 30, 31, 38, 42, 47, 61, 62) . The spaceflight environment can undoubtedly have a significant impact on a variety of immune mechanisms, some of which may influence pulmonary function. To date, however, there are no published reports on inflammatory processes and expression of ECM, adhesion, and profibrotic molecules in the lungs in response to spaceflight. In the present study, we evaluated these parameters in mice shortly after a 13-day flight on Space Shuttle Endeavour, i.e., Space Transport System (STS)-118.
MATERIALS AND METHODS
Animals and sample collection. Female C57BL/6Ntac mice (ϳ7 wk of age, n ϭ 24, Taconic Farms, Germantown, NY) were shipped directly to NASA Space Life Sciences Laboratory at Kennedy Space Center (KSC). Both flight and ground-control mice (FLT and GRD, respectively) were housed in animal enclosure modules (AEM) and were acclimated to the food bar diet and water for 1 wk before investigation. The FLT mice flew onboard the Space Shuttle Endeavour (STS-118) for 13 days. GRD mice were exposed to environmental settings (temperature, relative humidity, and atmosphere CO 2 levels) similar to the spaceflight animals, with telemetry from the shuttle on a 48-h time delay. Muscle strength testing and nuclear magnetic resonance body composition measurements were performed at KSC before euthanasia with 100% CO 2 within 3-5 h after landing. Right lungs of mice were quick frozen at Ϫ70°C for gene expression, and left lungs were fixed in 10% buffered formalin for histology and analysis of immunoreactivity for profibrotic proteins. This study was approved by all relevant committees, including the Loma Linda University Institutional Animal Care and Use Committee.
Analysis of gene expression by quantitative RT-PCR. The frozen lungs from both FLT and GRD mice were shipped overnight to Loma Linda University. Frozen lung tissue was homogenized in Trizol and total RNA was extracted according to a standard protocol (Invitrogen, Carlsbad, CA). RNA integrity was assessed spectrophotometrically. For best results for the PCR array, all RNA samples were assessed for purity by ultraviolet spectrophotometry; the A260/A230 ratio was over 1.7, and A260/A280 ratio was greater than 2.0. The 84 genes assessed by RT-PCR using the Mouse Extracellular Matrix and Adhesion Molecules array (RT 2 Profiler PCR Array PAMM-013; SuperArray Biosciences, Frederick, MD) are listed in Table 1 . Details of the procedure have been previously reported (19) . Gene expression of FLT mice with a fold change larger than 2.0 compared with GRD mice and for which a P Ͻ 0.05 was obtained are emphasized. Additional genes for which fold change was 1.1 to 1.5, but which also had P Ͻ 0.05, are briefly described.
Morphology. For histological and immunohistochemical staining, the left lungs from both FLT and GRD groups were fixed in 10% buffered formalin. After 6 h, the samples were rinsed thoroughly in tap water and dehydrated in graded alcohol prior to paraffin embedding. Then, thin sections of 5 m thickness were made for staining. After deparaffinization in Histoclear (Fisher Scientific, Pittsburgh, PA), sections were rehydrated in alcohol series and stained in hematoxylin and eosin (H&E).
Collagen staining. Sirius Red staining was used to compare collagen deposition in lung tissue between the two groups. Deparaffinized and rehydrated slides were immersed in saturated picric acid for 20 min and rinsed in tap water until the yellow stain in specimens was cleared. The slides then were stained with 0.1% Sirius Red solution (0.5 g of Direct Red 80; Sigma-Aldrich, St. Louis, MO) in 500 ml of picric acid for 1 h, washed in two changes of acidified water (5 ml glacial acetic acid in 1 liter of water), and counterstained with hematoxylin.
Immunohistochemical staining. Lung sections were treated with 3% H2O2 and DAKO Retrieval buffer (S2368, Dako, Glostrup, Denmark) prior to immunostaining. Target Retrieval Solution (S2368, pH 9; Dako, Denmark) was applied for unmasking antigenicity by incubating sections at 95°C for 20 min prior to incubation with primary antibodies. For goat anti-mouse primary antibodies binding to MMP-2, MMP-7, MMP-9, CTGF, and CD45, 3% of hydrogen peroxide was used to inhibit endogenous peroxidase activity for 10 min at room temperature. For goat anti-mouse primary antibodies, endogenous peroxidase in lung tissue was inhibited by incubating sections in 100% methanol containing 3% H 2O2 for 20 min at 37°C prior to antigen retrieval. To avoid errors during immunohistochemical staining, we placed at least four samples on each microscope slide; the same number of samples from FLT and GRD groups were placed on each slide. Therefore, samples from the two groups were treated under exactly the same conditions: length of incubation time, temperature, and concentration of antibodies.
Immunoreactivity of TGF-␤1 and NCAM. Monoclonal antibody (mAb) against mouse TGF-␤1 (R&D Systems, Minneapolis, MN) and NCAM (American Research Products, Belmont, MA) were employed to detect expression of these two proteins in lung tissue. The Millipore Chemicon Mouse-to-Mouse IHC Detection System Kit was applied for amplifying primary antibody signals (Milipore-Chemicon International, Temecula, CA). For saturation of non-specific binding sites, sections were incubated with pre-antibody blocking solution prior to incubation with primary antibody. After nonspecific binding sites were blocked, the mouse primary mAb was covered on tissue samples overnight in a humidified chamber at 4°C followed by washings in TBS (PBS containing 0.05% Triton-X100). Sections were then incubated with post-antibody blocking solution for 20 min at RT. Immunostaining was performed by incubating sections with poly-HRP-antimouse/rabbit IgG for 30 min at RT followed by visualization using diaminobenzidine (DAB) chromogen. Hematoxylin was used as counterstain. Immunoreactivity of MMP-2, MMP-7, MMP-9, CTGF, CD45. Goat anti-recombinant mouse MMP primary polyclonal antibodies (R&D Systems) were applied to the specimens overnight at 4°C, followed by incubating lung tissue with an anti-goat biotinylated secondary antibody and high sensitivity streptavidin conjugated to horseradish peroxidase (HSS-HRP). Visualization was performed using DAB chromogen reagent. Also, the hematoxylin was applied to counterstain.
Inflammatory cells. To evaluate inflammatory response in lungs of animals after spaceflight, the number of CD45 positive cells in FLT samples was obtained by counting 100 cells in five randomly selected fields in each section and compared with the count in the GRD group.
Statistical analysis. The difference in expression of specific genes and CD4ϩ cell counts between FLT and GRD groups was determined using Student's t-test (Systat, Systat Software, Richmond, CA). A P Ͻ 0.05 was considered as significant, whereas P Ͻ 0.10 indicated a trend.
RESULTS

Histopathology.
No marked abnormality in bronchiolar epithelium and alveolar epithelium was found in the lung tissue from both groups. Also, no difference in the thickness for pulmonary interalveolar septa was detected between two groups. The major histological changes originated from mesenchyma (Fig. 1) . Profibrosis-like foci consisting of connective tissue components, fibroblasts, and thickening vascular walls occurred in some FLT samples (Fig. 1, top) . Collagen depositions surrounding vascular vessels disclosed by Sirius Red staining were wider and more abundant in samples from FLT than those from GRD mice (Fig. 1, middle) . Immunostaining for common leukocyte marker CD45 was applied to compare inflammatory response of lungs after spaceflight with ground controls. Immunoreactivity showed that positive cells were predominantly distributed in sites around vesicular vessels, and a few were scattered in alveolar spaces (Fig. 1, bottom) . There was no significant difference in the number of positive cells between FLT and GRD groups (P ϭ 0.343). In addition, lung tissue with H&E staining did not show remarkable inflammatory infiltration in both groups.
Gene expression in lung tissue. Significant differences in gene expression profiles in the lung between spaceflight and ground-control groups (P Ͻ 0.05) are presented in Table 2 . Among 84 assessed genes, 26 genes were significantly altered with fold change larger than 1.5 (15 upregulated genes and 11 downregulated genes). The genes that were upregulated by greater than twofold were ctgf, mmp2, nacm1, sparc, spock1, and timp3, whereas the most downregulated genes were lama1, mmp3, mmp7, mmp13, vcam-1, and sele. Statistical significance was obtained for 11 additional genes with fold change ranging from 1.1 to 1.5 in FLT mice (6 upregulated and 5 downregulated) vs. the GRD controls, as shown in Table 2 . Of the 57 genes associated with cell adhesion molecules, 38.6% (22/57) were significantly affected by spaceflight (12 upregulated and 10 downregulated with P Ͻ 0.05); whereas among the 49 examined genes related to ECM proteins, 53.1% (26/49) were affected after flight (17 upregulated and 9 downregulated). (Note: functions of some genes overlap each other.)
Expression and distribution of profibrotic proteins. The mAb for TGF-␤1 used in the present study did not discriminate between latent and active forms, thus the staining intensity represented the total amount of TGF-␤1 protein. The staining pattern for TGF-␤1 protein for the two groups was similar. Immunostaining was present in bronchiolar epithelial cells, type I alveolar pneumocytes, and endothelial cells, as well as in basement membranes and fibroblasts in mesenchyma. However, immunostaining intensity was substantially increased in alveolar pneumocytes, endothelial cells, and bronchiolar epithelium in samples from FLT mice compared with those from GRD controls (Fig. 2) .
The bronchiolar epithelium showed a prominent immunostaining for CTGF protein in both groups and a few alveolar macrophages occasionally exhibited an immunoreaction (Fig.  2) . However, the immunoreactivity of CTGF was slightly enhanced in bronchiolar epithelium after spaceflight vs. the GRD group. No marked immunostaining in other types of cells was detected in either group.
RT-PCR data revealed that upregulation of NCAM-1 transcription was most pronounced among the 84 examined genes after spaceflight (4.55-fold compared with GRD mice). Thus immunostaining was used to evaluate the post-transcriptional level and distribution of this protein in lung tissue. The product (Fig. 2 ). An increased staining was also observed in type I pneumocytes and basement membranes in FLT samples. Zymogen forms of the MMPs (pro-MMPs) are secreted into the matrix from a large number of cell types and activation of the pro-MMPs in the local microenvironment can result in discrete alterations in tissue architecture. Therefore, we compared the expression levels and cellular distribution of MMP-2, MMP-7, and MMP-9 in lung tissue from the two groups.
The immunoreactivity for MMP-2 was predominantly present in epithelial cells of bronchioles, and a few inflammatory cells exhibited positive reaction. In FLT mice, immunostaining intensity for MMP-2 was enhanced in bronchiolar epithelium and positive inflammatory cells in alveolar spaces were more abundant compared with GRD mice (Fig. 3) . Similar to the MMP-2 staining pattern, immunoreactivity of MMP-7 and MMP-9 was predominantly present in the bronchiolar epithelial cells and inflammatory cells in samples from both FLT and GRD groups. However, in contrast to MMP-2, no significant difference in staining intensity was detected either in bronchiolar epithelial or in inflammatory cells between the two groups (Fig. 3) .
DISCUSSION
In this study, mouse lung tissue was investigated to evaluate a potentially serious health hazard of spaceflight, since the lungs are very vulnerable to increased levels of radiation, inhalation of bacteria that may have high antibiotic resistance, and low ambient oxygen. First, we wanted to determine whether the compromised lung function associated with spaceflight (72) could be at least partly related to impaired integrity of airways and alveolar epithelium and/or inflammation. The second goal was to determine whether molecules associated with ECM remodeling and development of fibrosis were affected by spaceflight.
Histopathologically, a few profibrotic lesions consisting of abundant connective tissue occurred in air spaces and blood vessel walls were thickened in lungs of FLT mice, but no marked abnormality was found in bronchiolar and alveolar epithelium. Appearance of more collagen around vessels in FLT mice, based on Sirius Red staining, indicates that spaceflight may have enhanced collagen synthesis and/or attenuated degradation of this ECM component. Collagen is the major ECM protein in the lungs and is vital for maintaining normal lung architecture (65) . In lungs, the majority of collagenproducing cells differentiate from the resident precursor cells of mesenchymal origin in response to injury (64) . Upregulation of col4a1, col4a3, and col6a1 among four collagen genes from FLT samples suggests that collagen synthesis was enhanced. Furthermore, downregulation of five of six MMP genes responsible for degradation of collagen may attenuate this process. Here, we could not rule out the possibility that the connective tissue-like lesions and increased collagen are early signs of fibrogenesis. Such changes may reflect an early response to spaceflight that includes dramatic alterations in gravitational conditions during lift-off, orbital flight, and landing. Reduced gravity is already known to result in fluid shifts up toward the chest and head, resulting in multiple physiological events that include changes in blood volume and hemoglobin levels; these changes may result in compensatory and adaptive remodeling in the lungs. In a previous study of mice flown on Space Shuttle Endeavour (STS-108), we found aberrations in several red blood cell measurements (21) . These and other findings, such as the high prevalence of astronaut anemia (seen as early as 24 h after launch), suggest an imbalance between O 2 and CO 2 levels. Since connective tissue around blood vessels is easily affected by factors circulating within the vessels, it seems possible that low oxygen concentration could be among these factors. Although radiation can induce ECM changes similar to those noted in the present study and the FLT mice were undoubtedly exposed to a higher dose than the GRD controls, the observed changes are much more likely due to altered gravity and oxygen availability.
Numerous studies have demonstrated that irradiation can cause inflammation and development of fibrosis that is characterized by imbalance between deposition and breakdown of ECM components (3, 15, 28, 44) . Thickened walls of arterioles may be due to accumulation of collagen in the tunica intima and tunica media, resulting in reduced lumen diameter. However, although expression of F4/80 (a macrophage-specific marker) was higher in bone marrow collected from these same FLT animals (47) , histopathological changes in the lung were not accompanied by inflammatory cell infiltration. Recent experimental evidence suggests that inflammation may not be necessary or sufficient for progression to fibrosis (4); overexpression of the potent profibrotic mediator, TGF-␤1, for example, leads to progressive fibrosis in mice, without any significant inflammatory component (60) . However, it is tempting to speculate that more inflammation would occur in FLT mice as a later consequence of spaceflight.
RT-PCR data shows that expression of ϳ38.6% of the characterized genes encoding adhesion molecules were significantly altered (12 upregulated and 10 downregulated among 57 examined genes). Among them, ncam1, an important multifunctional member of the Ig gene superfamily, was the most highly expressed in lungs after spaceflight (4.55 fold-change). The neural cell adhesion molecule (NCAM, also known as CD56) is abundantly expressed in the central nervous system (CNS) during development (13, 69) and is also present in a variety of adult neural and non-neural tissues (27, 39) . The production of NCAM is dynamically regulated in different tissues and changes in surface density of the molecule are known to produce important alterations in cell adhesion (14, 69) . Upregulation of NCAM by reactive astrocytes has been reported in a variety of animal models of neural degeneration and human CNS diseases (13, 29, 54) , promoting plasticity and remodeling in neural tissues (14, 54) . So far, little is known about roles of NCAM expression in lung tissue. In this study, the enhanced immunoreactivity of NCAM after spaceflight was predominantly distributed in type I pneumocytes and endothelial cells. NCAM expression can be regulated by hormones, growth factors, and the ECM (26, 40, 55) . Thus, whether upregulation of NCAM in the lungs was a primary response to spaceflight factors, or secondary to other factors such as ECM remodeling, remains to be determined.
In addition to ncam1, mRNA levels of cell adhesion molecules, itga3, itgb4, fn1, lamb3, and entpd1, were elevated by more than 1.5 fold in lungs of FLT mice; although the enhancements were not dramatic, they were statistically significant (P Ͻ 0.05). In contrast, lama1, sele, and vcam1 were markedly decreased with fold change greater than two in FLT mice compared with the GRD controls ( Table 2) . VCAM-1 is upregulated on endothelial cells following inflammatory stimuli and is involved in monocyte and lymphocyte migration. Adhesion molecules such as VCAM-1 must be expressed on vascular endothelium prior to leukocyte extravasation, a process known as diapedesis. The downregulation of sele and vcam1 may compromise recruitment of inflammatory cells, since the proteins derived from these genes are involved in leukocyte interactions with vascular endothelial cells, migration to sites of injury, and regulation of immune responses (48, 51, 63) . This premise is consistent with the lack of marked inflammatory infiltration in FLT mice. Collectively, these findings suggest that cell-to-cell communication in the lungs, and possibly also cell trafficking, were demonstrably different shortly after return from spaceflight.
In this study, the genes for integrin subunits ␣3 and ␤4 were upregulated and the gene for ␣2 was downregulated in the FLT mice. Integrins are heterodimeric transmembrane molecules, consisting of ␣-and ␤-subunits, and are divided into subfamilies according to the characteristics of their ␤-subunit. They serve as cell receptors for many proteins, such as the Ig superfamily adhesion molecules and ECM proteins, including fibronectin, vitronectin, laminin, collagen, and fibrinogen. Therefore, proper expression of integrins is important in cell-cell adhesion and cell-matrix interactions. Since single subunit genes were assessed, it is difficult to speculate on the possible consequences associated with spaceflight. However, it is clear that such changes in subunit expression could affect integrin binding to specific ligands. In addition, alterations of integrin ligands (e.g., ␤3 of fibronectin and laminin upregulated; ␣1 of laminin downregulated) residing on the basement membrane within lungs from the FLT mice could influence cell-ECM interaction. Similarly to fibronectin, laminin is also a major constituent of the basement membrane and is capable of interacting with cellular receptors such as integrins and other extracellular ligands. Changes in expression of laminin subunits may perturb dynamic metabolism of the basement membrane, leading in disruption of its integrity. The basement membrane is a complex and dynamic matrix of ECM that interfaces with epithelial, endothelial, nerve, fat, and muscle cells to provide mechanical support and stability, structural compartmentalization, regulation of cellular activities, and a physical reservoir for growth factors.
The above findings also suggest that the FLT mice may have experienced some degree of lung remodeling. Lung ECM composition of the alveolar basement membrane is dramatically altered in response to acute lung injury (7), followed by increased expression and deposition of fibronectin and type I collagen by alveolar epithelial cells and fibroblasts. Furthermore, Hsu and Lai (25) found that fibronectin may be degraded by binding MMPs (MMP-2, -9, and -13). Reduced expression of MMP-9 and MMP-13 in our spaceflight mice suggests that excessive accumulation of fibronectin due to decreased degradation could occur.
There was significant up-/downregulation of genes encoding a number of MMPs and TIMPs in the FLT mice (Table 2) . For most MMPs, with the notable exception of MMP-2, transcriptional regulation and kinetic inhibition by TIMPs predominate (45) . Although all MMPs could be substrates of TIMP-3, TIMP-2 apparently binds primarily to pro-MMP-2. Therefore, increased MMP-2 may result from downregulation of TIMP-2. In contrast, downregulation of transcription for five other MMPs may be attributable to upregulation of TIMP-3. It has been hypothesized that TIMP-3 functions in a tissue-specific fashion as a part of an acute response to remodeling stimuli and regulates ECM remodeling during the folding of epithelia (2, 37, 76) .
Upregulation of the gene encoding ADAMTS-2 by spaceflight supports the possibility that more procollagen was converted into collagen and then assembled into collagen fibrils. Like MMPs, ADAMTS-2, a disintegrin-like metallopeptidase with thrombospondin type 1 motif 2, is a secreted metalloproteinase involved in the processing of procollagen to collagen (10, 22, 67) . Thus increased expression of the adamts2 gene may promote development of fibrosis. In addition, SPARC (secreted acidic cysteine rich glycoprotein) mRNA was significantly upregulated in FLT mice. The anti-adhesive properties of SPARC inhibit spreading of many different cell types on ECM (8, 34) . SPARC also functions in early fibrosis when fibroblasts migrate into fibronectin-rich exudates in the alveoli (32) ; SPARC binds to interstitial collagen, especially type III (57) . This glycoprotein has complex direct effects on fibroblast proliferation (16) . Moreover, SPARC stimulates the synthesis of plasminogen activator inhibitor type I by endothelium, which could contribute to the antifibrinolytic alveolar milieu in idiopathic pulmonary fibrosis (21) .
Although the TGF-␤1 gene was not included in the array of 84 assessed genes associated with adhesion molecules and ECM proteins, there was a trend for upregulation of the gene for TGF-␤ induced factor (tgfbi) in FLT mice (P ϭ 0.0509 vs. GRD controls). It has been reported that the human version of this gene (TGFBI) is upregulated by TGF-␤1 in a corneal epithelial cell line (70) . In addition, TGF-␤1 is known to enhance production of CTGF (52), which was upregulated in the present study based on increased expression of its mRNA and protein. These reports indirectly indicate that the gene for TGF-␤1 was upregulated. Furthermore, our previous investigation showed that the TGF-␤1 gene and protein in mouse lung tissue were increased by space-relevant radiation (68) . Therefore, immnunoreactivity for TGF-␤1 in the FLT and GRD groups was of interest to us in the present study. Immnunostaining revealed that expression of TGF-␤1 and CTGF responsible for synthesis of ECM components was enhanced in FLT samples, while transcription of more MMPs that break down ECM was decreased. The increased expression of both mRNA and protein of CTGF indicates that spaceflight is capable of impacting both transcription and post-transcriptional processing of CTGF. CTGF is specifically induced by TGF-␤ during tissue repair (25) and also plays a pivotal role in many fibrotic diseases by mediating TGF-␤-induced fibroproliferative effects (25, 36) . The increase in both TGF-␤1 and CTGF may enhance synthesis of more ECM components and promote fibroblast proliferation. Therefore, it seems possible that spaceflight factors may increase risk for fibrogenesis by enhancing production of TGF-␤1 and CTGF. Moreover, MMP-2, which tends to be increased during the early inflammatory and later fibrotic phases (12, 58) and which was upregulated in the FLT mice, may be involved in the release and activation of TGF-␤1 Fig. 3 . Location and expression of MMP proteins identified by immunohistochemical staining in representative lung tissue sections. Positive cells for MMP-2, MMP-7, and MMP-9 were predominantly restricted in bronchiolar epithelial cells and alveolar inflammatory cells (dark brown). An increased intensity for MMP-2 immunostaining can be seen in FLT samples, whereas no difference in staining intensity for MMP-7 and MMP-9 is seen between the two groups. MMP, matrix metalloproteinase. Magnification ϫ400. (74) . This further supports the possibility that spaceflightassociated stressors, including exposure to radiation that is known to enhance expression of both TGF-␤1 and MMP-2 (3, 68) , could lead to compromised lung function.
The lack of difference in expression of MMP-7 and MMP-9 proteins between the FLT and GRD groups is not consistent with their mRNA levels that were markedly downregulated in FLT animals. Such an inconsistency in expression between genes and proteins of MMP-7 and MMP-9 may result from persistence of the proteins at the time of assessment postlanding, despite downregulated gene expression. Unlike the above two enzymes, the time interval for MMP-2 between gene and protein expression may be considerably shorter.
In conclusion, compromised lung function due to spaceflight may result from perturbation of the balance between deposition and breakdown of the ECM and profibrosis-like changes. Although we cannot separate the effects of landing, take-off, residence in space, and oxygen availability, significant changes were detected in lungs of mice a few hours after return from a 13-day mission. The up-/downregulation of genes important in cell adhesion and ECM remodeling, as well as deposition of excessive amounts of collagen and TGF-␤1 were clearly evident. In the future, investigations should be performed on samples taken during flight, after long-term missions, and at later time points after landing.
